Mobile piezoelectric potentials are used to coherently transport electron spins in GaAs (110) quantum wells (QW) over distances exceeding 60 m. We demonstrate that the dynamics of mobile spins under external magnetic fields depends on the direction of motion in the QW plane. This transport anisotropy is an intrinsic property of moving spins associated with the bulk inversion asymmetry of the underlying GaAs lattice. DOI: 10.1103/PhysRevLett.98.036603 PACS numbers: 72.25.Dc, 72.25.Fe, 72.25.Rb, 77.65.Dq The perspectives of using electron spins as quantum information carriers have lead to considerable research efforts [1, 2] , from which two main approaches for electron spin manipulation have emerged. The first relies on the confinement of electron spins in quantum dots, which ensures the long spin coherence times required for the manipulation by external fields [3] . The second is based on the manipulation of moving spins via the spin-orbit (SO) interaction. This interaction couples the spins to the orbital degrees of freedom in noncentrosymmetric crystals (such as the zinc blende semiconductors) with a coupling strength that can be controlled by external electric [4, 5] or strain fields [6] .
Mobile piezoelectric potentials are used to coherently transport electron spins in GaAs (110) quantum wells (QW) over distances exceeding 60 m. We demonstrate that the dynamics of mobile spins under external magnetic fields depends on the direction of motion in the QW plane. This transport anisotropy is an intrinsic property of moving spins associated with the bulk inversion asymmetry of the underlying GaAs lattice. DOI The perspectives of using electron spins as quantum information carriers have lead to considerable research efforts [1, 2] , from which two main approaches for electron spin manipulation have emerged. The first relies on the confinement of electron spins in quantum dots, which ensures the long spin coherence times required for the manipulation by external fields [3] . The second is based on the manipulation of moving spins via the spin-orbit (SO) interaction. This interaction couples the spins to the orbital degrees of freedom in noncentrosymmetric crystals (such as the zinc blende semiconductors) with a coupling strength that can be controlled by external electric [4, 5] or strain fields [6] .
The effects of the SO-interaction can be intuitively understood in terms of a fictive magnetic field B int that acts on moving electron spins and depends on the carrier momentum @k e . While providing a mechanism to handle spins, the SO-interaction may also cause spin decoherence, unless the orbital carrier motion is carefully controlled. In fact, the momentum-dependence of B int leads to a major spin relaxation mechanism in III-V semiconductors, known as D'yakonov-Perel' (DP) mechanism [7] . Here, the random walk of individual spins within a spin polarized ensemble results in random precession angles around B int and, consequently, in the relaxation of the average spin vector. DP dephasing can be considerably reduced in III-V semiconductors by exploiting motional narrowing effects resulting from rapid momentum scattering. In GaAs structures, this condition has been achieved either by doping the material [8, 9] or by enclosing the spins within mobile potential dots with microscopic dimensions [10, 11] .
A second approach for long spin coherence takes advantage of the symmetry of III-V (110) quantum wells (QWs), where B int lies along the growth direction z 110 and is, therefore, unable to dephase z-oriented spins [12, 13] . In fact, much longer spin lifetimes z for z-oriented spins (of up to 10 ns) have been reported for (110) GaAs QWs [13] [14] [15] [16] and (110) InAs=GaSb superlattices [17] as compared to their (001) counterparts. Spins oriented perpendicular to z, in contrast, are susceptible to fluctuations of B int and dephase with a lifetime ? z [12, 16] .
Previous spin relaxation studies in (110) QWs focused on spin ensembles of electrons with a vanishing average momentum. In this Letter, we demonstrate that the dynamics of moving spin ensembles strongly depends on the motion direction in the QW plane. The investigations were carried out using mobile piezoelectric potentials produced by surface acoustic waves (SAWs) to transport spins in an undoped (110) GaAs QW. These potentials capture and transport electrons with a well-defined average momentum @k e m v SAW associated with the acoustic propagation velocity v SAW . Photoexcited spins can be transported over distances exceeding 60 m, corresponding to relaxation times longer than 20 ns. Coherent spin precession during transport is observed when an external magnetic field B ext is applied in the QW plane. Transport experiments along different crystallographic directions show that the spin relaxation is anisotropic in the QW plane. As for spin-related photocurrent [18] and currentinduced spin orientation [19] , this anisotropic spin dynamics results from the dependence of the internal SO-field B int on carrier momentum. We show that the effects are of intrinsic nature arising from the bulk inversion asymmetry (BIA) [20] of the underlying GaAs matrix. The transport experiments yield directly the longitudinal and transverse spin relaxation times as well as the BIA spin splitting constant.
The experiments were carried out on a 18 nm-thick undoped GaAs QW with Al 0:3 Ga 0:7 As barriers grown by molecular beam epitaxy on a (110) GaAs substrate. The growth conditions were optimized to yield QWs with narrow PL lines (full width at half maximum FWHM 1 meV) for the excitonic electron-heavy hole (e-hh) transition [21] . The optimization was found to be essential for efficient acoustic transport, since potential fluctuations trap carriers and considerably reduce the transport lengths. Acoustic waves along the x (001) and y ( 110) directions were generated by focusing interdigital transducers (IDT) [22] fabricated by optical lithography (cf. Fig. 1 ). The IDTs operate at an acoustic wavelength of SAW 5:6 m and generate narrow (20 m-wide) acoustic beams, which act as efficient channels for carrier transport. To enhance the generation efficiency and the intensity of the piezoelectric field, the samples were coated with a 500 nm-thick ZnO layer prior to IDT deposition.
The transport experiments were carried out at 15 K by using right circularly polarized laser pulses (785 nmwavelength, pulse width of 100 ps, repetition rate of 40 MHz, and average pump power of 10 W) to generate z-oriented spins on a small spot G (diameter of 4 m) on the SAW path. The evolution of the packets of up and down spins was monitored by a gated charge coupled device (CCD) camera, which recorded the PL from the e-hh transition along the transport path. The PL was detected with spatial and time resolutions of 1 m and 1 ns, respectively, as well as discrimination of the right (I R ) and left (I L ) circular PL polarization components. Since hole spins relax much faster than the electron ones, I R and I L directly reflect the corresponding electron spin densities [23] . The degree of spin polarization is defined
The SAW-induced transport of the spin packets is illustrated in the spectrally resolved stroboscopic image of I R in Fig. 2(a) , which was recorded 12.2 ns after the laser pulse during transport along x. Within that time, the spin packet has been transported 30 m away from G. Figure 2 (b) displays profiles of I R and I L integrated across the spectral width for different delays (t). The propagation velocities of 2930 and 3180 m=s along the x and y directions, respectively, were derived from the mean position of the packets (cf. inset), correspond closely to the measured SAW velocities. While the PL intensity reduces with propagation distance, the width of the carrier packets broaden only slightly during transport. The packet width exceeds the acoustic wavelength, thus indicating that the SAW potential is not sufficiently strong to transport all photoexcited carriers within a single SAW cycle.
The difference between the intensities of I R and I L for all delays in Fig. 2(b) gives evidence of a net spin transport along the channel. The corresponding spin polarization is displayed by the triangles in Fig. 3(a) , where the delay and the distance covered by the packets are shown in the lower and upper horizontal axes, respectively. The dashed line is a fit to an exponential decay, which yields a relaxation time z 22 2 ns for z-oriented spins. Taking into account the propagation velocity, we get L s 63 5 m for the spin transport length.
The triangles in Fig. 3(b) show the corresponding results for transport along y. The significant drop of the spin polarization z after t 0 is attributed to an inefficient screening of the e-hh interaction close to the generation point G. There, the piezoelectric field produced by the SAW is not strong enough to avoid the Bir-Aronov-Pikus (BAP) interaction induced by the high density of photoexcited carriers [23] . For longer delays, the polarization decays exponentially (dashed line) with a lifetime of 20 2 ns and transport length of 64 6 m, very similar to those measured along x. To our knowledge, the lifetimes measured here are the longest ones reported for (110) GaAs QWs [13, 14] and comparable to the values reported for acoustic transport via mobile quantum dots [11] in GaAs (001) QWs. The strikingly long spin lifetimes arise from simultaneous suppression of the DP (due to the QW symmetry) and BAP [23] relaxation mechanisms during acoustic transport. The long transport distances allow us to investigate the dynamics of mobile spins under external magnetic fields applied in the QW plane. The dynamics becomes, in this case, strongly dependent on the transport direction of the packets. For transport along x, a field B ext k y induces a coherent precession of the average spin vector, leading to the time (spatial) oscillations in z shown in Fig. 3(a) . The z oscillations, however, are strongly damped and decay within times much shorter than z . For transport along y, in contrast, while the overall z levels reduce, the decay times are not affected by B ext k y [circles in Fig. 3(b) ]. Note, in particular, that a residual spin polarization of 1% remains under B ext 17:6 mT even after 20 ns, while for propagation along x, z vanishes for delays above 10 ns [note the different horizontal scales in Figs. 3(a) and 3(b) ].
In the following, we demonstrate that the transport anisotropy is an intrinsic property of moving spin packets associated with the BIA of the underlying GaAs lattice. Note that structural inversion asymmetry (SIA) induced by the SAW strain and piezoelectric fields may lead, in analogy to the Rashba effect, to an in-plane component of B int oriented perpendicularly to the transport direction. In the present case, however, this extrinsic SO contribution can be neglected based on the invariance of the spin dynamics under reversal of the applied field. This behavior is illustrated by the circles and dots in Fig. 3(a) , which were measured under B ext 17:6 and ÿ17:6 mT, respectively.
The anisotropic behavior arises from the momentum dependence of the internal field associated with the BIA, which can be expressed for (110) QWs as [24] B int k e B intẑ 1 2
Here, g e denotes the electron g factor, is the conduction band SO-splitting constant, and the effective thickness d eff includes the nominal QW thickness as well as the wave function penetration in the barriers. It is important to note that B int only depends on the momentum component k e k y and vanishes for k e k x. The dynamics of spin packets moving along x becomes, therefore, similar to the one for static spin ensembles [16] . As in that case, random thermal motion causes fluctuations in B int (cf. Equation (1)), leading to the strong dephasing observed in Fig. 3(a) . This effect can be taken into account by assigning a shorter spin dephasing time ? for spins perpendicular to the z axis [12] . A consistent fitting [solid lines in Fig. 3(a) ] to the anisotropic spin dephasing model formulated in Ref. [16] using z 22 ns and jg e j 0:36 yields ? 1:2 ns, as well as an effective coherence time eff 2= ÿ1 z ÿ1 ? 2:3 ns. Interestingly, the ratio z = ? 18 is much larger than the one reported in the local PL measurements in Ref. [16] . The difference is attributed to the BAP mechanism, which yields a significant isotropic contribution to the relaxation in the local PL measurements, but is virtually eliminated during acoustic transport.
In contrast to the previous situation, motion along y induces an SO field with a finite average value hB int i k z, thus forcing the spins to precess around a resultant field B R B ext hB int i with a component along z. While the spin polarization component transverse to B R only lasts for times comparable to eff (as for transport along x), the longitudinal component l (i.e., parallel to B R ) thermalizes with a longer longitudinal decay time l , leading to a z projection given by
Here, is the angle between B R and the z axis defined in the inset of Fig. 3(b) and 0 is the initial spin polarization. The solid line in Fig. 3(b) is a fit to an extension of the dephasing model presented in Ref. [16] , which includes both the transverse and longitudinal relaxation [expressed by Eq. (2) The fast (for t < 3 ns) and long (t > 3 ns) decays in the fitted curve are associated with the transverse and longitudinal relaxations, respectively. Using Eq. (1) and assuming a barrier penetration depth of 1 nm at each interface, we obtain from hB int i a SO-splitting constant 18 3 eV A 3 . This value is close to the one derived from spin transport by mobile potential dots [11] .
Further evidence for the transport anisotropy is provided by the dependence of z on B ext measured at fixed time delays (or, equivalently, fixed transport distances) shown in Fig. 4 . The strong reduction of z with increasing B ext observed for transport along x (circles) is again well reproduced by the dephasing model (dashed line) [16] . Along y, in contrast, the polarization shows a much weaker field dependence. With increasing B ext , z oscillates around an average value given by Eq. (2) as the spins precess around B R . This behavior is reasonably well reproduced by the solid line superposed on the data, which were calculated by our dephasing model using the previously determined parameters.
In the present experiments, the transport anisotropy only appeared under an external magnetic field because the weak SAW fields essentially impart a nonvanishing average velocity to the carriers without significantly affecting their thermal motion. We have previously demonstrated that motional narrowing effects induced by strong twodimensional SAW potentials significantly enhance the spin coherence in GaAs (001) QWs [11] . Similar effects are also expected for (110) QWs. One advantage of the (110) structures is that motional narrowing becomes possible using one-dimensional mesoscopic confinement, since the spin dynamics depends on a single degree of freedom (i.e., motion along y k 110). In conclusion, we have demonstrated long-range transport as well as coherent manipulation of spins in GaAs (110) QWs using mobile potentials produced by SAWs. The dynamics of moving spins is anisotropic in the (110) plane. The anisotropy is an intrinsic property associated with the BIA contribution to the SO coupling, which vanishes along one of the planar directions. The long spin lifetimes and transport distances make these QWs a model system for spin investigations as well as for spintronics applications.
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